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ABSTRACT 


In this thesis, the performance of a non-coherent Binary Frequency Shift Keying 
(BFSK) receiver using Equal Gain Combining (EGC) and Post Detection Selection 
Combiging (PDSC) techniques over a frequency nonselective and slowly Nakagami 
fading channel is investigated. 

Analytical and numerical results obtained for EGC are compared to those 
obtained for first order PDSC (PDSC-1), second order PDSC (PDSC-2) and third order 


PDSC (PDSC-3). 
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I. INTRODUCTION 


Diversity has long been used to improve the performance in communication 
systems operating in fading environments. Fading is the term used to describe the rapid 
fluctuations of the amplitude of a transmitted signal over a short period of time. It is 
caused by the non-coherent recombination of signal components that arrive at the 
receiver via different paths, at slightly different times. The resulting signal usually varies 
in amplitude and in phase. 

Channel diversity is a powerful technique that is based on a simple concept. L 
independently fading replicas of the transmitted signal are received, over L different and 
hence statistically independent channels. This means that if one path experiences a deep 
fade, another path may have a strong signal, so that the detection is easier. The possibility 
that all paths have a deep fade at the same time is small, so the average and the 
instantaneous signal-to-noise ratio (SNR) at the receiver are improved, relative to a single 
fading channel. 

In practice there are several ways in which we can provide the receiver with L 
replicas of the transmitted signal. One way is by employing frequency diversity, where 
the signal is simultaneously transmitted at L different frequencies. The carrier frequencies 
should be separated at least by an amount that equals or exceeds the coherence bandwidth 
(4f)- of the channel, so that the independent fading for different paths is ensured. Another 
way is to transmit the signal in Z different time slots (time diversity). Successive time 
slots should be separated by time that is equal to, or exceeds the coherence time (41), of 


the channel. For a frequency-non-selective slow fading channel it is assumed that the 
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coherence bandwidth is larger than the bandwidth of the transmitted signal and that the 
coherence time is larger than the bit interval. A third commonly used way is space 
(antenna) diversity. This technique employs one transmitting antenna along with several 
receiving antennas. The receiving antennas are sufficiently separated to ensure that the 
communication paths are different. As a general rule, a distance of 10 wavelengths 
separation between two antennas is considered sufficient. 

There are other less widely used diversity techniques. For example there is the 
angle-of-arrival diversity and the polarization diversity. By comparison frequency and 
time diversity require more bandwidth. On the other hand, they require less hardware. 
This means less space, so they are used where space availability is a limiting factor in the 
design of a communication link. 

Once the information from the diversity branches is received it can be combined, 
so that the bit error rate is decreased. In practice there are several methods of diversity 
combining. In this thesis we will investigate Equal Gain Combining (EGC) and Post 
Detection Selection Combining (PDSC) of order one and two and three. EGC is a 
commonly used technique for non-coherent detection. All Z branches are equally 
weighted and combined non-coherently at the receiver. Consequently, EGC requires a 
complex receiver and is path dependent. In addition, combining more signals does not 
necessarily improve the performance. This is especially true in environments where the 
bit error rate is large due to fading or jamming. To overcome these disadvantages other 
techniques are used, such as selection combining (SC) and PDSC of different orders. In 
PDSC of order 1 (PDSC-1), a technique invented by professors Tri Ha and Ralph 
Hippenstiel, the signal with the largest amplitude of the signal branches, is compared to 
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the signal with the largest amplitude among the non-signal branches. In PDSC of order 2 
(PDSC-2), the combination of the signals with the two largest amplitudes of the signal 
branches is compared to the combination of the two signals with the largest amplitudes of 
the non-signal branches. In PDSC of order 3 (PDSC-3) the combination of the signals 
with the three largest amplitudes of the signal branches is compared to the combination of 
the three signals with the largest amplitudes of the non-signal branches. Selection 
combining is not discussed in this thesis. In selection combining the decision whether the 
signal is present or not, is based on the predetection signal with the largest amplitude. 
Both PDSC and SC are combining techniques which are independent of the number of 
diversity channels L, therefore require less complex receivers. 

The communication channel is assumed to be a frequency non-selective, slowly 
fading Nakagami-m channel, while the additive noise is assumed to be white and 


Gaussian. 


A. NAKAGAMI FADING CHANNEL 
The received signal amplitude a of the non-coherent receiver that is employed in 


this thesis, is a Nakagami-m random variable. Its probability density function is given by 


[1] 





(2) a exp| — mat" a >0 1 
F.(@) =4T(m)\Q or a 


0, elsewhere 


where (7) is the gamma function, defined by the integral 


T'(m)= fen exp(-x)dk, m>0 : (2) 








and 





O? 1 
m= var(a”) = 2 (3) 
and 
Q= E{a’ } (4) 


are the two parameters of the distribution. The Nakagami-m distribution is a generalized 
formula that can model different fading environments using different values of its 
parameters. For m = J the channel has Rayleigh fading while as m approaches infinity the 


channel becomes non-fading. If m = 14, the pdf is the one-sided Gaussian distribution [1]. 


B. | NON-COHERENT BFSK RECEIVER 

The block diagram of the non-coherent BFSK receiver is shown in Fig. 1. 

Since it is very difficult to coherently detect in a fading environment, we use an 
orthogonal modulation scheme, i.e., Binary Frequency Shift Keying (BFSK), so that non- 
coherent detection can be performed. In BFSK when the data bit 5; = / is transmitted, the 


waveform v” (t) is given by 


y)(1)= frome), O0<t<T > (5) 


elsewhere 


> 


where 7 is the bit duration, @; is the signal phase, A is the amplitude of the signal and / 
is the carrier frequency. When the data bit b; = 0 is transmitted, the waveform Vv” (t) is 


given by 


y2)(7) = Armes ), O<t<T ; (6) 


; elsewhere 


4 









received 


signal 


Figure 1. Non-coherent BFSK receiver 
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where 7, 02, A are the duration, phase angle, and amplitude, respectively. The carrier 


frequency / is selected such that the v” (1) and v2) are orthogonal over the interval 


[0,T]. This implies a minimum frequency spacing of |/, — f,|= 1/7. 
The received signal in the interval [0,T] has the form: 


ra =WV +n), i=12 


? 


(7) 


where n(t) is white Gaussian noise with power spectral density 0°, = N,/2, and a is a 


Nakagami-m random variable whose probability density function is given by (1). We 


assume, without loss of generality, that the data bit b; = J is transmitted. The in phase 


outputs of the receiver are given by 


¥,, = aAcos6 +n,, =a JE, cos@ +n,, > 


and 


Y, = Ny, a 


where E,=A? is the average energy per diversity bit and 7). 2, are given by 
sy Pp 


n= { Zateoson Spa 


and 


m= [| eee fade 


The quadrature outputs of the receiver are given by 


Y,, = Acos@, +n,, = aE, sin@, +7,, 


and 


where 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 











n, = | Pnlsin(an f,t)dt j (14) 


and 


n= | Brin f,t)dt (15) 


The random variables nj., 2, 11s, N25 are independent, identically distributed (iid), zero 
mean, Gaussian random variables with variances N,/2. Finally the decision variables are 


defined as 


V,=¥2+¥2 =(aJE, cos, +m,) +(aJE.sin@+n,)  , — (16) 
and 


V,=Y2+¥ =i, +n}, : | GD 














Il. EQUAL GAIN COMBINING (EGC) 


Equal Gain Combining (EGC) is a technique that has been widely used in non- 
coherent receivers. All Z branches are equally weighted and added incoherently, to 
produce a decision variable. A typical non-coherent BFSK receiver employing EGC is 
shown in Fig.2. If we assume that the data bit b; = J is transmitted, then branch 1 of the 
BFSK non-coherent receiver will be the signal branch and branch 2 will be the non-signal 
branch. The decision variables V; and V2 in Fig. 2 are given by 

V,= Vig +V inti (18) 


V,=V,,4Vi 2+. AV, (19) 


where V;; and V2;, i = (J,2,...L), are the output random variables. Hence V; and V2 are 


the sum of L independent random variables. 


A. BIT ERROR PROBABILITY 
For the non-coherent BFSK receiver with equal gain combining, the decision 
variables V; and V> are given by (18) and (19). In [1], the bit error probability for this 


receiver is derived, and is given by 


ab)-G) oo(-3)EKG) 5 en 


k=0 


where L is the number of diversity branches, y; is the signal-to-noise ratio (SNR) per bit 


and 8; is given by the following 


n 


pe a” ~ ‘ (21) 
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Figure 2. Non-coherent BFSK receiver with equal gain combining 


10 

















For the non-coherent BFSK receiver the signal-to-noise ratio per bit and 5; is given by 


n=2ya} -Yy, : (22) 


N, k= k=l 
where y, = a(E,/No) is the instantaneous SNR per diversity bit for the #” channel. Here 
E./No is the SNR per diversity bit with no fading. From [1], 7; is a random variable whose 


probability density function under Nakagami fading is given by [1] 


P,,0.)= me (23) 


ee co 


where 7, = E{a? VE, / N,) is the average SNR per diversity bit, which is assumed to be 


identical for all Z channels. The characteristic function of y; is given by 





¢ 


ms JesoGer k )dy k 


¥,,(ia)=2e')= | 7x ey onl - 
“limwey ial om a}. 


“Tike roa = aff}. maa 


By using the identity [3] 
t v-1 Tv) 
Ix exp(— poc)dx = Ss Re(u)>0 , Re(v)>0 » (25) 
0 # 


where I'(v) is the gamma function, which is defined by 
11 








T(y) = [x7 exp(-x)de, ~v>0 
0 


and by letting m = v and (m/ ¥.)- jo =p , (24) becomes 


W, (ja) m™ I) | 2 m”™ 


OTE AT te] 


(26) 


(27) 


Since the fading of the Z channels is mutually statistically independent, the ¥;’s are 


independent, and the characteristic function of their sum is given by 


7, (ia}=[v, (oj =" _ 
(jo)=[¥,, (jo) re») 


Therefore, the probability density function of the random variable yp, is given by 


Py, (%5)= mae , Ga)exp- jay, do 


Substituting, (28) into (29) leads to 


1 * m™ ; 
P,,%.)=— | or jay, )do 


Using (m/ 7.) = a’ and mL = £’, (30) becomes 


mak (24 


Py, b De ( '_ jal xp JOY, 
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(28) 


(29) 


(30) 


(31) 








By using the identity [3]: 


jou JE _ 21" oe PP) nso (32) 


and by letting 8 = a’, v =’, p = yo, we obtain 


ess a’? Days * exp! aoe) [2 Yo oxf - Z| . (3) 








The final step is to average the bit error probability given by (20), over the fading channel 


variable given by (33). The bit error probability will be given by 


P,= [ely.)p,, (rer 


Ie 28) alt} 





If we let (7/2) = y, then 7, = 2y and dy, = 2dy. The limits of the integral do not change, 


so (34) yields 


(AV mV 1 BE, tgntty mst gxn| _{ 20 
P. -(5) (=) Geld 2,7 yaaa 4 os) (22 sah a 
1)" ( 2m kemL-l 6 2m+y, 
=|. b — d . 35 
G) (2 z=) aye? “| (Pn b : G5) 
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Now letting (2m/y.)/ ¥,=6 and dy = u, so y = w/b and dy = (du)/6. The bit error 


probability becomes 
1 2i-1 mM ne 2 tim 
YE) eat 
Ve 0 


Ly 2m 1. 22 b, r k+mL-1 
_f{i yt [ut exp(—u)du 36 
(3) ) T (mL) eae Ju =e) 2) 
Again using identity [3] 


[0x7 exp sx.) = 


ue) é Re(xz)>0 q Re(v)>0 (37) 
L 


and letting v = k+mL, u = I, (36) becomes 
2 -(3)" 2m\" 1 _1_ Sb T(b+ml) 
e 2 Y. T(mL) LS 6 k+mL 1 k+mL-1 
1)" (om b,¢. ye" 
=|— = T(k+mL 
G) G J Tol) be ee 


_(1Y""( 2am Ve (oy, re+mz) 
-(5) | a peed T(QmL) » (8) 


where 5, is given by (21). 





Define the average signal to noise ratio per bit by Vp = Jf Y. then (38) becomes 


14 








mL _ k 








Yo 
: m+ k=0 2 ree T@L) 


We note that EGC requires a more complex receiver, since it uses all available 
information from all Z branches. In addition, combining more signals does not 
necessarily imply that the performance is improved, especially in environments where the 
bit error rate is large due to fading or jamming. Furthermore, EGC depends on the 
diversity order L. This is undesirable in applications where L may vary with location, as 
well as time. Since different diversity channels tend to have different path lengths, the 
signal-to-noise ratio of each diversity channel is different resulting in an unequal gain 


combining. This can cause serious performance degradation in an EGC receiver. 
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Il. FIRST ORDER POST DETECTION SELECTION 
COMBINING (PDSC-1) 


In first order Post Detection Selection Combining (PDSC-1), the signal with the 
largest amplitude of the signal branches is compared to the signal with the largest 
amplitude of the non-signal branches. If we assume that the data bit 6; = / is transmitted, 

‘then branch 1 of the BFSK non-coherent receiver will be the signal branch and branch 2 


will be the non-signal branch. The decision variables V; and V2 are given by 


V, = max(Y4Vi2,---Vi1) 


(40) 
V,= max(V,,,V,5,---V2,1) 


where V1, Vi2,....Viz and V2, V22,...,V2r are the outputs from the square law detectors 
of the LZ signal branches and the  non-signal branches, respectively. 


The bit error probability for PDSC-1 is given by 


naedion)=[] finite liek ay 
OL = 
where f, (v,) and f,, (v,) are the probability density functions of the decision variables 


from the signal branch and the non-signal branch, respectively. 


A. PROBABILITY DENSITY FUNCTIONS OF THE DECISION 


VARIABLES 
The non-coherent BFSK receiver is shown in Fig.3. For the signal branches, the 


output random variable from the i” square law detector V;,; before combining is given by 
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Figure 3. Non-coherent BFSK receiver with first order post detection selection 
combining 
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2 2 
Vi,> ae - ee ce (a, VE, cosd +m,,) +(a,JE, sin 8 +n,,;) > (42) 
where E, is the energy per diversity bit without fading. For the non-signal branches the 
output from the 7” square law detector V2; before combining is given by 


Vig = Vp HY, 


42 2 
2e4 t 455 = Mye3 $M;; . (43) 


Next, we will derive the probability density functions of the random variables V;; 
and V>;, for i =1,2,...L. If we assume, for the moment, that a, JE, cos@ and 
a, ae. sin@ are fixed values, V;,; is a sum of squares of two Gaussian random variables 


with means a,./E, cos@ and a,./E, sin@, respectively and variance N./2=o0'n. Therefore 
the random variable Y;, is a non-central chi-square random variable whose probability 


density function is given by [1] 





ty, 1:/B)= 


1 . ex B aaa 


20, 207 
where 


6 =(c, JE, cos0,) +(@, JE, sin) =a7E,, i=1,2,.,L . (5) 


In [1] the probability density function of f is given by 


m 
FA) a [-2 Bro > (46) 
aan re 


where # = E{a? YE, and m is the parameter of the Nakagami distribution. To remove the 


condition on £ from (44) we average using (46) as follows 


Sv,, @,,)= { Sr, (v,,/B)f,(8)46 
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; fact x) os we Oj ee) or ae: (- a3 








Vii 
Pte, = Nz @ 1 om 
oe k+m-1 pay | Senco epee d 2 (47) 
N, ox[ 7 aor Iya 4(K¥ 4 [2 os} i + a] IB 
By using [3] 
v1 Ty) 
[ x” exp(— ux) = ~~ , Re(u)>0 , Re(v)>0 , (48) 
: Lt 
where I'(v) is defined in (26), and by letting v = k+m and w= ra 3° CHa (48) 
we obtain 





yi) m™ Sil ; Vis Tk +m) 
Fu, Ms)= N, few -2 aes i ne (Bem bem 
NB 


Hers) LOG) TPE) © 


By letting Y, = 4, (49) becomes 
0 
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Heda Hee) Ela) Gt) TaPG SS) 


The cumulative distribution function of the random variable V7; is given by 


F,,,( 


wi 


)-f Sy,, (u)du , (51) 


Substituting (50) into (51) leads to 
1 ue m "el (uw V re+m_7,_) 

Fulod= [yee =H N tal EG) = Tey a = 
wa wwe ° 
-(,) (5) (2] ~T(n) — } N, aie Ny e N, 


V,; 
Letting w= = , dw= (+) , the upper limit becomes— and (52) becomes 
Ng Ny No 





Yo +m) ke0 Y,+m 


F,,0,,)= (— = rin) BOA) 5s | Neal exp(-w)dw . (53) 
Using [3] 
fe exp(- por) de = —— 5 ex(- pa) wa , u>0, Re(u)>0 (54) 


V;,, 
and letting =k, w=1,u= a , results in 
0 


rade) Sa (ea) Rah HE | 


(_m \"S4(_7 Ta +m) eae _ 6 
-(-*) Sales) T(m) c ey, cain, oe 

















Since all L signal branch variables V;,;, V2, ...,.Viz are statistically independent, we can 


use [8] 


Sry, (») =Lfy, (>, yee (,) (56) 


The probability density function for the signal branch decision variable V;, is given by 
m 2 ky — 4 
ya v m =, 1 v [(k, +m 
Sy, (,)= ene -2 = aes — ( ; a 
N, NoKy. tm) to\kl) Ny T(m) Y¥,tm 
"S 1 Te +m)(_7,_)* ‘ ‘yo 
cd + 
ce) Sate Ge) | Ea) 
y-+m) zx0k,! Tim) \y,+m Ny Jia ANN, 
“eC Hecrs) 2) GSEs) 
Ny N Ay. +m) Sg) NJ Fe) \y+m 


= 1 T(k,+m)( y, )* gic: Lt 
Ear nar eof -2)32 (2 | = 


For the non-signal branches, the output random variable from the 7” square law 











detector V2; prior to combining is given by (43). It is a sum of squares of two zero mean 
Gaussian random variables with identical variances. Therefore, it is a chi-square random 


variable whose probability density function is given by [1] 





1 V. oi 1 Y,. 
nodeage se) oH] wae 


The corresponding cumulative distribution function is given by 
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F,, (», . ) =1- ext - 7 : (59) 


Since all ZL non-signal branch variables are statistically independent the probability 
density function of the decision random variable V2 is given by 


fr,@2)=L Sy, C)Fee (.)= Les - 21 - val . (60) 


0 


B. BIT ERROR PROBABILITY 


The bit error probability for first order post detection selection combining is given 


by (41) 


0 


F, =Pr(V, -r)=[ fred ps (v, a, 2 (61) 


Y 


where 
Fy,(,)a, la -on(- aC ex-3 ie mall dv, (62) 


By using the binomial theorem, 


(a+b)* = 5 (Flats! ; (63) 


k=0 


we obtain 


fal Bola 


So (62) becomes 


fs i, (2 )av, = ieen- = )54 ‘c 1)" ex val dv, 
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7 3 eee 3 ( ) k+1 (22) 
mee N, (-1)" || exp “WN, d a (65) 


Vv. 
Letting x = —- , (65) becomes 
N, 


[sda =25 "JC fo e+ da 


%/No 


12" JN gee] 


k=0 








Substituting (66) into (61) leads to 
P=] ae, 
0 


mi 
) ( 1)" exp ~(«k, +1) caer eed aL 
£=0 k, +1 No Ny Ny ¥,tm 


th re) 




















P m © T~ ae ) (- 1)" a‘ 
-—— | _(p. | 
N, (—)" p> RJeat ( s+2)5- 


























Changing u= a , and realizing that the average signal-to-noise ratio per bit %, 7 Ly, ; 
0 





(67) becomes 
mL 
iz, = o 5 x (é 1) | 
P, =— exp|—(k, +2 )u 
No ane i\5 k, )k,+1 (k | 
ae 
- \2 es 
on i T(k, +m Yb 
34] ut ( 1 ) L 
ley" Te) |IT 
1 by L-1 
“1 T(k,+m)| 7% 4 yt 
x rs Tay TS 1-exp(- Der dv, (68) 
aie =Y, +m 
L 


This expression cannot be simplified any further. It can be evaluated numerically. The 


results of this evaluation are presented in Chapter VI. 
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IV. SECOND ORDER POST-DETECTION SELECTION 
COMBINING (PDSC-2) 


The two signals with the largest amplitudes of the signal branches are combined 
and compared to the combination of the two signals with the largest amplitudes of the 
non-signal branches. We let branch J of the BFSK non- coherent receiver be the signal 
branch and branch 2 be the non-signal branch. Without loss of generality, let V;,; denote 
the largest output random variable and V;,2 denote the second largest output random 


variable of the signal branches, then 


Vi 7 max{V,.,Vi9,--Vi2) (69) 


V,. = second max(V,,,V;2,...Vi2) (70) 


Let V2, denote the largest output random variable, and V2 2 denote the second largest 
output random variable, of the non-signal branches. Then 

V,, =max(V,,,Vy9,---Va2) (71) 

V,, =second max(V,, Vea) : (72) 


Therefore the decision variables V; and V2 are given by 


Vi=V,,+V,, (73) 
V,=V,,+V,2 . (74) 
The bit error probability is given by 
P, =Pr(, >V,)= J | f,0,)av, 7, (», )ady, : (75) 
y=0| v=) 
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A. PROBABILITY DENSITY FUNCTIONS OF THE DECISION 

VARIABLES 

The non-coherent BFSK receiver, is shown in Fig.4. For the signal branches, the 
output random variable from the 7” square law detector V;;, before combining is given by 
(42), whereas, for the non- signal branches the output from the *” square law detector V2, 
before combining is given by (43). 

In [8], the cumulative distribution function of the decision random variable 
V;=V11+V72 is given by 

4/2 4-%,2 


Fy, (,) = | iM ‘aL (, V2 )av,, dv,, 2 (76) 


oO M2 


where fy y,, (v,.%12) is the joint probability density function of the random variables 


V,, and V; 2 which is given by [8] 
Fir, (,, Vi2 ) = LL = 1) Si, (,,) Sy, (2) F, Tan (, ) > (77) 


where f,, (v,,)and f,,,(v,2) are given by (50) and F,, (v,, }is given by (55). Substituting 


(77) into (76) results in 
4/2 4-42 
F; VY, (, ) = | fz@ ce 1) Si Vy (»,,) Si V2 (,,) f, aa (2) dv, dv,, . (78) 
0 M2 


We can obtain the probability density function of the decision random variable for 


the signal branches V;, by differentiating (78) with respect to v;: 
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Figure 4. Non-coherent BFSK receiver with second order post detection selection 





combining 
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d 
Sy, (»,) a wo (»,) 


By using the identity (Leibnitz’s rule) 


d\ [ p(ax)da 


ak 


a(x) 


and by letting x = v;, A = v),2, a(x) = 0, b(<) = v,/2, and 


fG, x)= f2. v,)= “fie Di, Oidh, RZ (2) dy, 


M2 


Eq. (79) becomes 


| of 2) ey 
Jb)= £012,» 24 7(0,»,)40), J He), 


where 


ses jue- Nf; Oa) Fi, 2)? (v,2) av dv,, =0 


and 





so (82) results in 





peal 
‘ x x i x 
a(x) = FO x), joe) ) ~ f(a ( x), jy ) +f He, bsg 


(79) 


(80) 


(81) 


(82) 


(83) 


(84) 














d fu = Df, Ny (., Vy is 2 )F, i = (,, av, 1 


= J ae” ar dv, - (85) 
Again using (80) and by letting x = v), 4 = v,,1, a(x) = v1.2, b(x) = v)-v1,2 we have 
tf (, x) =f (, > v,) i LL = Nf Ya (, VY, Yio Oy )F, 7, Fe (2) =f (,,) . (86) 


Eq. (85) becomes 


¥,/2 4 fre ~ hi, (,, We (v,, Ei? (,, av, , | 
is 


dy, 


0 


¥/2 dv, -v,, “2 df ly &,;) 
= fly (namie) _y t2¥ ea) f Pes) i ans fn . (87) 


We note that the second and the third terms of the summation inside the brackets of (87) 


are equal to zero, hence (87) becomes 


¥,/2 


ne d 1” "12 
Sy, (,)= i} re a oN a= = [7b —¥42,%,)dy,, . (88) 


If we substitute (86) into (88) we obtain 


I, yj (, ) = tke = If, aes oa | adh V2 (v,.)F Jr ae 3 (v,, (,, lev, . (89) 
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Finally, if we substitute (50) and (55) into (89) we get the expression for the 


probability density function of the decision random variable as 


td Yate “Ste Bla) ae) “Rae 
Jakes 85) 
(et) Sees) athe) | + 
Ha ay oo 2) [SG Ge) ers) | 
eee re) 

EA Pe) Math eof Ee) | 2) 


For the non-signal branches the output random variable from the i” square law 























detector V2; before combining is given by (58). The cumulative distribution function of 


the decision variable V2 defined in (74) is given by 


¥_/2 V2~¥2,2 


F,,(,)= J [Forges Pr3-%22) M21 B22 > (91) 


o v2.2 
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rT 


where /,, v,, (v.22) is the joint probability density function of the random variables 
V>,and V2. ,which is given by [8] 

SI VoVo1 (2% ) = L(L ba Ds, Vis (4 Vy Fas (, )F - (v,,) > (92) 
where f;, | (v,,) and fy, , (v,.) are given by (58) and fF, , (v, 9 )is given by (59).Substituting 


(92) in (91) results in 


F, Vy (v,)= T “fue- If, Vis (,, 1 Vy, Oe (v,, »)Fi moe )dv 214, - (93) 


0 V2.2 


If we substitute (58) and (59) in (93) we obtain 


v2/2 V2-V2,2 L-2 
m LL - 1) Vo4 Vo2 Vo 
F,,(¥,)= i f NB ex - W, “2 el - W, Jr-eaf- N, } dv,,dv,, . (94) 


0 ¥22 





Performing this integration yields [8] 


Fale j= ue-043) -(1+25)e(- x) SK Jeormen| , (95) 


Finally, if we differentiate (95) with respect to v2 we obtain the probability density 


function of the decision variable of the non-signal branches [8] 


tr, on) He Da(te) eo 8} oof 4) f _ (91) 
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B. BIT ERROR PROBABILITY 


The bit error probability is given by (75) 


£ =Pr(V, >V,)= { Js. ts)a | > (98) 


¥,=0) v.=y, 


where 


[rtd flag 2 aes “3(h 7} eecalic 
) Fa AMS) © 


By a change of variable u= hy = 2] ,the limit of the integral changes to oak 
N, N, N 


0 





=fi(L- Dexs{- Bee 


Bad 





and (99) yields 


J Fy,(v, dv, = L(L-1) { 5x1) 


yJNo 2 


+1(L-1) | exo) $7 "|r 1 exp{— 2 a 


w/No ae 
L(L-1) * 
= > fu exp(- u)du 


%/No 





+e" *}OP { fexo(-1)-en{—# 24) . (100) 


¥%/No 


Using [3] 
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w* 


foe) n ! 
fx’ exp(- x) dx = en aw) aa w>0, Re(u)>0 (101) 
ri =o K! 


v 
and by letting w = wo” =], w= 1 the first integral of (100) results in 
0 


HED Fr exp(-n)au =-2E=) ex pares ) 


%4/No k=0 


Ne Jol -F) , (202) 


whereas the second integral of (100) results in 





UL- ae "\f cy f [exo(-»)-e- A 2) 


%/No 





Substituting (102) and (103) in (100) results in 


Ji (v,)av, =L(L -ex- 2. ) 


V, 
144 


N, - yh, 2 ky, 
a eS k | k 1-sBeen-2] oe 


Finally substituting (90) and (104) in (98) yields 
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oe) ot asta) ed P| 


Ny m+yY, 





Perel saeol 


Bales) el _—_— es 





= 3! mt+y, 


By changing variables oe ,at = 2 2) 23 »¥,=uN, and dv, = N,du,the 


limits of both integrals do not change and (105) results in the final expression for the bit 


error probability 





c k=1 


oz) colt BCP ee] 


P=P(L- (; 





“Teta arte) [ee Ga) are 


(106) 





m+ Y. T(m) 


120K! 


| : t{te} Tt, ohh —exp(- ayia] aa 
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Using the average signal-to-noise ratio per bit % = Ly. , (106) yields in 


mL 


rave] A | foocaaliste ISM heat} 


m+— 
LL” 





} 


1— {= 
sah San(2 T(k,+m)| 7”? Fu—x (4 Tk, +m)| 77 
S145 (k!} Tn) bee k,!} Tn) 
: m+—Y, ; m+—Y, 
1 ky L+2 
© meg ky 
1} 7 Tk, +m) 13 
| 2 || 3 4 1 -exp- x) — dxd 
x Drs eta | Ten) exp( > at x du ; (107) 
L b 


This expression cannot be simplified any further. It can be evaluated numerically. The 


results of this evaluation are presented in Chapter VI. 
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V. THIRD ORDER POST-DETECTION SELECTION 
COMBINING (PDSC-3) 


The three signals with the largest amplitudes of the signal branches are combined 
and compared to the combination of the three signals with the largest amplitudes of the 
non-signal branches. In particular, we let branch J be the signal branch and branch 2 be 
the non-signal branch. Without loss of generality let V;; denote the largest output random 
variable, V;2 denote the second largest output random variable, and V;,3 denote the third 


largest output random variable of the signal branches: 


Vy =m VisVi2Vig-¥2) (108) 
V,, = second max(V,.,Vi2Vi3---Vi2) (109) 
V3 = third max(Vi.Vi2Vis--Vir) (110) 


Let also V2; denote the largest output random variable, V2,2 denote the second largest 
output random variable, and V3 denote the third largest output random variable of the 


non-signal branches: 


Y= max(V>, Vo2V23--- ee (111) 
V,, = second max(V..,VagVas---»Vo, ) (112) 
| Vy3 = third max(V,.V9Vos--Vo1) : (113) 


The decision variables V; and V2 are given by 


V,=Vi,tV, +Vi3 (114) 


V,=Vi,4+V,2 +N; : (115) 
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The bit error probability is given by 


P=PrV, >V,)= j| ied (a, Hib 


y,=0| v=, 


A. PROBABILITY DENSITY FUNCTIONS OF THE DECISION 

VARIABLES 

The non-coherent BFSK receiver is shown in Fig.5. For the signal branches, the 
output random variable from the i” square law detector V;, prior to combining is given 
by (42), whereas, for the non- signal branches the output from the * square law detector 
V2; prior to combining is given by (43). 

In [8], the cumulative distribution function of the decision random variable 


Vi=V12+V12tV13 , defined in (114) is given by 


4/3 b-,3)/2 1-41.21. 


F,, (y, ) = J f [4 nM Kis O23 )dv,, dv, , av, ; : (117) 


0 V3 V2 


where fy y,,(Yi%a%ia) is the joint probability density function of the random 


variables V;, , V2 and V;,3 which is given by [8] 


Sires (,, Vi2M13 ) = LL = IXL = 2)f, Vis (,, V Nia (,., Vy M3 (,;) F, : (3) , (118) 


where fy, (v,,), Sins (v,.) and fy, (»,;) are given by (50) and f;, . (v,;) is given by 


(55). Substituting (118) into (117) becomes 
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y,/3 (4-3/2 MM Y13 « 


F, Y; (, ) = i} ] fue ~XL eo Vf; Vy (,, Vf Yo (,, ys as (3 )F : (3 av, dv, dv, . (119) 


We can obtain the probability density function of the decision random variable for 


the signal branches V7, by differentiating (119) with respect to v, 


t,(v.)= a (v,) (120) 


Using Leibnitz’s rule 


b(x 
[7G “| 
a & 1 soe) yi). FPO can 


and by letting x = v, A = v3, a(x) = 0, b(x) = v,/3, and 


b-4s)2 4s 
1(,x)= f3.%))= f fuz- -1XL— ) fy, 1a) Fics a) fy, Ms) RW 13), dv,, (122) 


3 M2 


eq. (121) becomes 
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10 dj 13271 
~- so) G+ ptt) 7 








Si (v,) a fv, 13%, (123) 


0 


Now 


¥,/3 4-%42-"4/3 


f(y,/3,%,)= J [zc- IXL- 2a Pad fi a) fi )es( Sa dv,=0 (124) 


y/3 Y2 


4] 








2 
fe cos2at 


: 1 Yu, 2 
2 S( yar i ( ) + V 
plat i ae Al 
! : + 
B+ On LEZ 0’ i 
; ; max(V; 1, Bed Vid) 
i i +second 
t Y2 i +thire 
) J, ( at “ ( y + max(V; ;,...Vi1) 





2 LO bf | | 


received: ee Choose | {0,13 
: i i largest 
signal : i : 


>) LO# --” — () 
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Figure 5. Non-coherent BFSK receiver with third order post detection selection 
combining 
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and 


dal, ) _d0) =0 (125) 
dv, dy, ‘ 
so (123) results in 
i(o)="|{ Leeder, 


= [+4 ty (126) 
J jz ¥ 


i; y 2 yY42"3 
me 4 { fu = IXL 7 2) fi Vy (v,, Mf Ya (,, VN Nis (3 RS (v,; )dv,, dv, 
M2 


Again by using (121) and letting x = v,, A = 1,2, a(x) = v1,3, b() = (vi-v1,3)/2, and 


I (A, x) =f (2 VY ) = [ze a IL = 2)f, Vy Or, Vy Vo (v2 Vs Vis (3 )F me ; )dv,, (127) 


4,2 


eq. (126) becomes 


v,/3 
M12 


T(,-¥,3 y 24MIN . 
4 i) [ze = IXL = i, Wy (v,, MY Yio (v,, MN Vis (v,; \Ft a (,; )av,, dv | 
Sy, (v,)= J Se 3 








+ 


“3 


V, V3 
yy _ ( —v,3)/2 
i fise a pew - yee 7 Mic, dv, (128) 
1 


Now 
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(.-», 3/2 
f t a ms J ee IX - 2)f,,v ss es (,, Vi, 6, )RES (,, av, , =0 (129) 
¥—%,3 /2 
and 
dis) _ 0 130 
rs (130) 
so (128) becomes 
442-43 
setae JHE-WL-2f, Me ead Ma)BE Ms 
fw= ff ” = dv,,dv, (131) 
0 Y3 1 
Using again (121), and letting x = v;, A = v,;, a(x) = v12, B(x) = v)-v,.>-v)3, and 
tf (a, x) = f (0%, ) = LL — IXL = 2); Ya (,, Vy, Yo (,, MY ae (v,, F, a 0, ) = f' (»,,) (132) 
eq. (131) results in 
AM I2MN3 
4/3 (y 4-¥,3)/2 Jee ~1XL- Vy, © lh, © IARC “3 hs eas 
Si, @)= dv,, dv, 
4 ) ae dy, een 
¥/3( = 3/2 = 
PP eet ponte 
0 4; dy, 
rit i a a, (133) 
Y2 1 


The second and the third terms of the summation inside the brackets in (133) are equal to 


zero, therefore (133) becomes 














¥,/3 (-¥,3 y 2 


P| ee 
Sy, , ) } J f (, = Weg ¥35%:) t “2 vs } dv, , dy, ; 
1 


0 M43 


¥,/3 (i-u,3)/2 


= i Jr, —Vi2 —V%3,¥,)dr,y dy, . (134) 
0 M3 
If we substitute (132) into (134) we obtain 
4/3 (443)/2 Pe 
7, (4) 7 [x (L- IXL - Vy, ib- 12 rahe, Ma he” lee (v 3), dv, (135) 
0 V3 
Finally if we substitute (50) and (55) into (135) we get the expression for the 
probability density function of the decision random variable in third order post detection 


selection combining 


vy /3 .-», 3 y2 
i y, (,)= } fx@- -1XL- 2) 
0 V4.3 


1 ¥-"U2—Ms m) ah , YW-VU2—-N3 " T(k, +m) Ye 
x —— exp Son te ee oes ae oe y ___ S| 
N, No m+y,) Gao4;! Np T(m) m+y, 
1 v "2(1V (m2 Te +m)(_ 7) 
ty M2 A +m 
1 V1,3 m eee : V3 ° T(k, +m) Ye i 
x|—exp| -—> = pe —| iS) S| ES 
N, Ny Am+y,} Bak) No T(m) m+yY, 
\sa( 7) rem), <ifey 
m = 1 Y Tk, +m V3 41 Vi 3 
ee = £ -— |S —| —= dv, ,dv, , 
(<2) Si{2-) ~T(n) Meee -en| Ng Ea | mee 
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_L(L-1XL-2) (=) oxf- yy ) 


N, m+y, 








ee Ap : ants 

— I ae (Kk, +m Viz kh 1[ V3 Vio V3 
se) So ee 1-exp} -—2 | fb gf Be Jal) 36 
SAF T'(n) fet oe lee eats 


For the non-signal branches the output random variable from the 7” square law 
detector V2; prior to combining is given by (58). The cumulative distribution function of 


the decision variable V2 defined in (115) is given by 


¥2/3 (2-25 y 2 ¥2~V2,2—¥2.3 
F, V, (, ) a f J fF Vy VoV 25 (,, V2.2V23 av 21 dv, , dv 23» (137) 
8 ¥2,3 ¥2.3 


where fy, v7; (v2:%2¥23) is the joint probability density function of the random 
variables V2 ,V22 and V23 ,which is given by [8] 


S, V2V2¥23 (,, Vy 223 ) = LL -. IXL a 2)f, Voy (,, VM Ve» (v,, VY, V3 (,; F, re (,; ) > (138) 











where fy, , (v,,); Fy, (v,.. and Ty (v,,) are given by (58) andF, , (v, 5 )is given by 


(59).Substituting (138) into (137) results in 


v2/3 (r.-»3)/2 V2—V2,2~-¥9,3 


Fy, (v,)= J J fue-1XL- Mir, 2, if V2 2. Me V3 (23 | (3 Jd, dv, dv,3 (139) 


0 V23 V2.2 





Substituting (58) and (59) into (139) we obtain 


v2/3 (%2-¥2,3)/2 Y2-¥2,2-¥2.3 ~ _ 
Fy, (v, ) oa | J J He XL @) on a Jes{- 2) 
0 


No No 


0 V2.3 V2,2 


L-3 
x h —exp| — aD exp} — ene dv,, dv,, dv, ; (140) 
No No 


Performing the integration and differentiating the result with respect to v2, the probability 


density function of the decision variable for the non-signal branches is given by [8] 


L—-1XL—-2 v, |) ve (L-3\C1)'| by, ky, 
fle) MMA anf) Hof i Je i fs-ef (141) 


B. BIT ERROR PROBABILITY 


The bit error probability is given by (116) 


£, =Pr(V, >V,)= | Jr. tod]p (y, av, , (142) 


y=0} w.=y 
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where 


pats je x 2) oo{-22] 





sae? ae Oa) 


-j4ev 1X - 2). sf a 


y 








nies Cf fa Be 


Changing variable u = —-, du = {| , (143) becomes 
N,’ Ny 


[alan HE) | few-n) 


%1/No 
28) a feof) 


Finally substituting (136) and (144) into (142) yields 
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pa MD Foon E+E) GPa -onl-4)]a! 
TT ay a eres | 

Gy Sees) | 

{sey Gy ters) 

45) Beebo) Geko 











: P Vis Vi3 vy 
Changing variables = dx = Wea, dw =d| —|, z= v, =ZN, 


and dv, = N,dz, (145) results in the final expression for the bit error probability 
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pA Tn 





scar 0 seen ea) 





sat f [Beene BEY 








EG) ers) ES rs) 
x > i=) rt aa 1—exp(- we ua | ant dz . (146) 


k,=0 


Using the average signal-to-noise ratio per bit Y» = Ly,, (146) yields 
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-FU-e-2 m fife | 
m+oYs Olz 


aC eb t-G))4 


P. 


e 





k=1 








hee & 
2/3 (z-w)/2 | © 2 paw 4 
1) T&,+m)| 7”? 
x exp(- z) (c-x—w)" (> ; a 
LJ 2 mi) 1) [agi 
L 
i— \? i— \ 
Js (| r(&+m)|_ 1” Sm(Z) T(t, +m))_ 7” 
& 4!) Te) [malty] [ee BU Te) | nat, 
—_ k, L-3 
2 1| 77% | Tk,+m) ew? 
A) Uf) Ae exp w)S dw : 147 
x aaa r(m) 1 exp( wd, 7 dx dw dz (147) 


This expression cannot be simplified any further. It should be evaluated numerically. The 


results of this evaluation are presented in the following chapter. 
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VI. NUMERICAL RESULTS 


In Chapters I, TI, IV and V the bit error rate (BER) expressions for non-coherent 
BFSK signals operating in a frequency non-selective, slowly fading Nakagami channel, 
are analytically obtained. This is done for EGC, PDSC-1, PDSC-2 and PDSC-3. The 
main objective of this thesis is to compare the performance of BFSK signals using EGC 
and PDSC techniques. The numerical analysis and evaluation of the bit error rate 
expressions is performed using Mathcad 7 [7], and Matlab 5.1 [6]. The results are shown 
in figures 6 — 43. The average bit energy-to-noise ratio per bit is chosen to be in the range 
of 6 — 20 dB. All results are expressed in terms of the parameter m of the Nakagami 
distribution and the number of diversity order L. For m = 1, the channel becomes a 
Rayleigh fading channel, and as m approaches infinity the channel becomes non-fading. 
An m = % results in the one-sided Gaussian fading distribution [1]. Hence, in numerical 
evaluations, values of m = 0.5, 0.75, 1, 1.5, 2 and 3 should provide sufficient detail in 
order to illustrate the performance differences. 

In Figs 6 —-11, the performance of the receiver with EGC is demonstrated for m = 
0.5, 0.75, 1, 1.5, 2 and 3, respectively. In each figure, the diversity order L ranges from / 
to 5. 

In Figs 12 -17, the performance of the receiver with PDSC-1 is demonstrated for 
m = 0.5, 0.75, 1, 1.5, 2 and 3, respectively. Again in each figure the diversity order L 


ranges from J to 5. 
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In Figs 18 —23, the performance of the receiver, for PDSC-2, is shown for m = © 
0.5, 0.75, 1, 1.5, 2 and 3, respectively. In each figure the diversity order L ranges from 2 
to 5. 

In Figs 24 —29, the performance of the receiver, for PDSC-3, is illustrated for m = 
0.5, 0.75, I, 1.5, 2 and 3, respectively. The diversity order L ranges from 3 to 5. 

In Figs 30 2 37, the performance of the receiver with EGC and PDSC techniques 
is illustrated, for different values of the diversity order L. In each figure the parameter m 
of the Nakagami distribution has values of 0.5, 0.75, 1, 1.5, 2 and 3. 

In Figs 38 — 43, the performance of the non-coherent BFSK receiver with EGC is 
compared to its performance with PDSC, for diversity order L = 5 and m = 0.5, 0.75, 1, 
1.5, 2 and 3. 

In Figs 6 — 11, the performance of the receiver with EGC is demonstrated for m = 
0.5, 0.75, I, 1.5, 2 and 3 respectively. For m = 0.5, which means that the channel fading 
is one-sided Gaussian, as L increases the receiver performance improves. The same 
applies for all values of m. However, as m increases, which means that the channel 
becomes non-fading, for small values of the average bit energy-to-noise density ratio, the _ 
system performance with smaller diversity order L is observed to be superior to those 
with larger diversity order Z. This trend reverses as the average bit energy-to-noise 
density ratio increases. This phenomenon is due to the non-coherent combining loss and 
is present in all four techniques analyzed in this thesis. The performance improvement 
effect of increasing LZ is noticeable after a certain bit energy-to-noise density ratio, 
especially because the noise in each diversity channel is more dominant at low energy-to- 
noise density ratios, and becomes less significant as the ratio increases. Therefore each 
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diversity branch contributes positively to the overall SNR resulting in a better 
performance for systems with larger diversity order L. 

Figs 12 — 29 show the receiver performance for PDSC for m = 0.5, 0.75, 1, 1.5, 2, 
and 3. As with EGC, as L increases, performance improvement is observed. 

In Figs 30 — 37 the performances of the four techniques are demonstrated for 
different values of the diversity order L and for different values of the Nakagami 
parameter m. As expected, as m increases, for the same value of L, the performance of the 
receiver is improved, because the channel becomes less fading. 

In Figs 38 — 43 the techniques analyzed in this thesis are compared to each other 
for the same values of L and m. Note that in all cases the performance with the EGC 
technique is superior to the others. PDSC-1 performs worse in all cases. When the order 
of the PDSC technique is increased (from PDSC-1 to PDSC-3), the performance is 
improved. The difference in the performance between the different techniques is more 
obvious as m becomes larger, whereas when m is small the performances of all 
techniques are similar, with the EGC technique always being the superior one and the 
PDSC-1 always being the inferior one. Finally there is no difference in the performances 
between the EGC and PDSC-1 for L = J. The same applies for the EGC and PDSC-2 for 
L = 2 as well as for the EGC and PDSC-3 for L = 3. This happens because for these 


values of L the EGC and PDSC techniques are virtually the same technique. 
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Figure 6. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 0.5, using equal gain combining (EGC) for diversity orders L = 1,2,3,4 
and 5. 
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Figure 7. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 0.75, using equal gain combining (EGC) for diversity orders L = 
1,2,3,4 and 5. 
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Figure 8. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = J, using equal gain combining (EGC) for diversity orders L = 1,2,3,4 
and 5. 
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Figure 9. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 1.5, using equal gain combining (EGC) for diversity orders L = 1,2,3,4 
and 5. 
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Figure 10. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 2, using equal gain combining (EGC) for diversity orders L = 1,2,3,4 
and 5. 
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Figure 11. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 3, using equal gain combining (EGC) for diversity orders L = 1,2,3,4 
and 5. 
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Figure 12. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 0.5, using first order post detection selection combining (PDSC-1) for 
diversity orders Z = 1,2,3,4 and 5. 
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Figure 13. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 0.75, using first order post detection selection combining (PDSC-1) for 
diversity orders L = 1,2,3,4 and 5. 
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Figure 14. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = J, using first order post detection selection combining (PDSC-1) for 
diversity orders L = 1,2,3,4 and 5. 
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Figure 15. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = J.5, using first order post detection selection combining (PDSC-1) for 
diversity orders L = 1,2,3,4 and 5. 
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Figure 16. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 2, using first order post detection selection combining (PDSC-1) for 


diversity orders L = /,2,3,4 and 5. 
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Figure 17. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 3, using first order post detection selection combining (PDSC-1) for 
diversity orders L = 1,2,3,4 and 5. 
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Figure 18. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 0.5, using second order post detection selection combining (PDSC-2) 
for diversity orders L = 2,3,4 and 5. 
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Figure 19. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 0.75, using second order post detection selection combining (PDSC-2) 
for diversity orders L = 2,3,4 and 5. 
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Figure 20. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = J, using second order post detection selection combining (PDSC-2) for 
diversity orders L = 2,3,4 and 5. 
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Figure 21. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = /.5, using second order post detection selection combining (PDSC-2) 
for diversity orders L = 2,3,4 and 5. 
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Figure 22. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 2, using second order post detection selection combining (PDSC-2) for 
diversity orders L = 2,3,4 and 5. 
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Figure 23. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 3, using second order post detection selection combining (PDSC-2) for 
diversity orders L = 2,3,4 and 5. 
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Figure 24. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 0.5, using third order post detection selection combining (PDSC-3) for 
diversity orders L = 3,4 and 5. 
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Figure 25. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 0.75, using third order post detection selection combining (PDSC-3) 
for diversity orders L = 3,4 and 5. 
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Figure 26. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = J, using third order post detection selection combining (PDSC-3) for 
diversity orders L = 3,4 and 5. 
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Figure 27. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = J.5, using third order post detection selection combining (PDSC-3) for 
diversity orders L = 3,4 and 5. 
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Figure 28. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 2, using third order post detection selection combining (PDSC-3) for 
diversity orders L = 3,4 and 5. 
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Figure 29. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with m = 3, using third order post detection selection combining (PDSC-3) for 
diversity orders L = 3,4 and 5. 
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Figure 30. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = /, using equal gain combining (EGC), for m = 0.5, 0.75, 
1, 1.5, 2 and 3. 
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Figure 31. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 4, using equal gain combining (EGC), for m = 0.5, 0.75, 
I, 1.5, 2 and 3. 
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Figure 32. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 2, using first order post detection selection combining 
(PDSC-1), for m = 0.5, 0.75, I, 1.5, 2 and 3. 
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Figure 33. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 5, using first order post detection selection combining 
(PDSC-1), for m = 0.5, 0.75, 1, 1.5, 2 and 3. 
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Figure 34. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order Z = 3, using second order post detection selection combining 
(PDSC-2), for m = 0.5, 0.75, 1, 1.5, 2 and 3. 
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Figure 35. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 5, using second order post detection selection combining 
(PDSC-2), for m = 0.5, 0.75, 1, 1.5, 2 and 3. 
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Figure 36. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 4, using third order post detection selection combining 
(PDSC-3), for m = 0.5, 0.75, I, 1.5, 2 and 3. 
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Figure 37. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 5, using third order post detection selection combining 
(PDSC-3), for m = 0.5, 0.75, I, 1.5, 2 and 3. 
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Figure 38. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order Z = 5 and m = 0.5, using EGC, PDSC-1, PDSC-2 and 


PDSC-3. 
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Figure 39. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 5 and m = 0.75, using EGC, PDSC-1, PDSC-2 and 


PDSC-3. 
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Figure 40. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 5 and m = J using EGC, PDSC-1, PDSC-2 and PDSC-3. 
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Figure 41. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 5 and m = 1.5, using EGC, PDSC-1, PDSC-2 and 


PDSC-3. 
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Figure 42. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 5 and m = 2 using EGC, PDSC-1, PDSC-2 and PDSC-3. 
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Figure 43. Performance of the non-coherent BFSK receiver over a Nakagami fading 
channel with diversity order L = 5 and m = 3 using EGC, PDSC-1, PDSC-2 and PDSC-3. 
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Vil. CONCLUSIONS 


In this thesis the bit error probability performance of a non-coherent BFSK 
receiver with L order diversity in a frequency non-selective slowly fading Nakagami 
fading channel is compared using EGC, PDSC-1, PDSC-2 and PDSC-3. 

The EGC technique is widely used in communication systems that use non- 
coherent demodulation, but as we have already seen, it suffers from non-coherent 
combining loss as L increases and is path dependent. In addition to these, it requires 
complex receivers. 

The PDSC techniques have been suggested by professors Tri T. Ha and Ralph D. 
Hippenstiel as simpler techniques that can provide adequate performance without an 
explicit Z dependency. We have shown that as the order of the PDSC technique increases 
the performance of the receiver improves, so that it is comparable to that of the EGC 
technique. However, the receiver complexity is also increased. The PDSC techniques are 
not optimal combining techniques since they do not use all available information from all 
L diversity branches. On the other hand, since they are not L dependent, they may be 
preferable in applications where the value of the diversity order L varies with time or 


location. 
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